). In addition, iHS enrichment of the ovule number 98 GWAS was also significant (P = 0.030 for the top 1% iHS tail; Extended Data Fig. 2 ). This 99 enrichment supports polygenic selection on male and female gamete numbers at a 100 considerable number of loci throughout the genome.
in a nonstandard wild accession. Our results support polygenic adaptation 48 underlying reduced male gamete numbers. 49 Pollen number in seed plants and sperm number in animals have been studied extensively 50 from agricultural, medical, and evolutionary viewpoints 3 . For example, the number of 51 pollen grains decreased during rice domestication 9 . Further, it has been suggested that 52 sperm number and quality may have declined in humans during the twentieth century. In 53 flowering plants, evolutionary shifts from outcrossing to selfing through loss of self-54 incompatibility have occurred frequently, and selfing species generally show lower pollen 55 numbers, a hallmark of the "selfing syndrome" 2,10-12 . A reduction in the number of male 56 gametes could be caused by environmental changes, by the accumulation of mutations 57 because of relaxed constraints, or by inbreeding depression, given the prevalence of male 58 sterility in inbred individuals [4] [5] [6] [7] . Alternatively, it may reflect adaptive evolution in response 59 to the change in breeding system 2 . 60 3 A major hindrance in studying the mechanisms and evolution of the regulation of 61 male gamete number is the almost unknown molecular basis of this quantitative trait. 62 Genome-wide association studies (GWAS) provide an alternative approach to traditional 63 mutant screens, exploiting natural genetic variation and recombination within species. 64 Although there have been several GWAS investigating genes affecting gamete number, 65 there is little experimental support for the validation of identified candidate loci 13 . Here we 66 focus on the predominantly selfing plant Arabidopsis thaliana 2, 14 . To determine variability 67 in pollen number on a species-wide scale, we examined pollen number per flower for 144 68 natural accessions ( Fig. 1a-d ; Extended Data Tables 1 and 2) and found approximately 69 four-fold variation (Fig. 1e ). The consistency of this variation was validated using 70 histological sections of stamens from representative accessions (Fig. 1c, d ). We also Table 5 ) 18, 19 , suggesting that variation in pollen number is 79 largely independent of other traits. 80 To evaluate genome-wide signatures of natural selection on gamete numbers, we 81 first performed GWAS for pollen and ovule numbers using an imputed single nucleotide 82 polymorphism (SNP) dataset for these lines ( enriched in long-haplotype regions, which could be due to partial or ongoing sweeps of 87 segregating polymorphisms [20] [21] [22] . Using a haplotype-based iHS selection scan, we found that 88 10-kb windows including pollen number-associated loci (68 regions in total with P < 10 -4 ) 89 were significantly enriched in extreme iHS tails (P < 0.05, permutation test; Fig. 1i also showed enrichment, albeit less than for pollen number (Fig. 1j) Table 6 ). In addition, iHS enrichment of the ovule number 98 GWAS was also significant (P = 0.030 for the top 1% iHS tail; Extended Data Fig. 2 ). This 99 enrichment supports polygenic selection on male and female gamete numbers at a 100 considerable number of loci throughout the genome.
101
To further examine the nature of the putative targets of selection, we tried to 102 identify the genes underlying pollen number variation; however, the GWAS for pollen pollen number, we found no genotype-phenotype associations below P < 10 -5 or climate-115 SNP correlations below an empirical P < 0.01, i.e., there is no evidence for selection on 116 traits other than pollen number. We also found that accessions with the long-haplotype 117 variant produced lower pollen numbers than those with alternative haplotype variants (P = 118 0.000343, t-test; population structure-corrected GWAS P = 0.00588; Fig. 1k ), indicating 119 selection for reduced pollen number.
120
Of the three genes in this chromosomal region with the highest GWAS scores 121 (AT1G25250, AT1G25260, and AT1G25270; Fig. 1g ), the expression level of AT1G25260, a 122 5 gene of unknown function, was much higher in flower buds than that of the other two 123 genes (Extended Data Fig. 4) . We therefore analyzed pollen numbers in mutants of 124 AT1G25260 and identified two T-DNA insertion mutants that showed a 32% reduction in 125 pollen number (Fig. 2a) . We hereafter refer to AT1G25260 as REDUCED POLLEN NUMBER 1 126 (RDP1). Because both rdp1-1 (insertion in the 5¢ UTR) and rdp1-2 (insertion at the end of 127 the coding sequence) (Fig. 2b) still showed low levels of expression, they are likely to be 128 hypomorphic mutants (Extended Data Fig. 4) . We generated two amorphic (null) 129 frameshift mutants of RDP1 (rdp1-3 and rdp1-4) using the CRISPR-Cas9 system 23,24 ; these 
213
We used the mixed model, in which a genome-wide kinship matrix was incorporated as a 214 random effect 31 .
215
In situ hybridization 216 Flower buds were fixed with FAA and dehydrated through an ethanol series. Fixed samples 217 were embedded in paraplast. RDP1 cDNA was amplified using the primer pair 218 (At1g25260g2F; 5¢-tgcctaatcaaagcgagtagacc-3¢ and At1g25260gR; 5¢-219 cagagcaagttcagcttgaaagtagc-3¢). Cloned cDNA was used as a template for in vitro 220 transcription using a MAXIscript T7 labeling kit (Thermo). In situ mRNA hybridization was 221 performed as described previously 32 .
222

CRISPR mutants
223
To generate RDP1 frameshift mutants, the CRISPR-Cas9 system was used as previously 224 described 24 . A 20-nucleotide target sequence (5¢-GCAGAAGATGAACTCCGTTC-3¢) was 225 selected. For plant transformation, the binary vector was first introduced into 226 Agrobacterium tumefaciens (GV3101) and then into A. thaliana by the floral-dip method. Correspondence and requests for materials should be addressed to K.K.S.
319
(kentaro.shimizu@ieu.uzh.ch). The T-DNA insertion in each line was confirmed using PCR with the primers listed in 412 Table S7 as described at http://signal.salk.edu/tdnaprimers.2.html. DNA was extracted 413 from young leaves using the CTAB method. 414 We generated single nucleotide insertion/deletion lines in the Col-0 and Bor-4 415 accessions using the FAST-CRISPR-Cas9 construct (see the section "CRISPR mutant") and 416 designated them rdp1-3 and rdp1-4 (in Col-0), and rdp1-5 (in Bor-4).
417
Arabidopsis seeds were sown on soil mixed with the insecticide ActaraG (Syngenta 
SNP imputation
448
To perform GWAS, we generated a set of dense SNP markers that overlapped with the 449 phenotyped accessions using imputation 38 By using Mixmogam, we also generated a quantile-quantile (Q-Q) plot, which shows the 467 relationship between the observed and expected negative logarithm of P-values (Fig. 1h) .
468
For the Manhattan plot (Fig. 1f, g ), we removed SNPs with minor allele frequencies < 0. with the instruction manual. Expression levels were normalized using EF1-a (AT5G60390), 480 which was used as an internal control. For the selection scan, we used the imputed SNP dataset that was also used for GWAS. 560 We used 298 accessions (Extended Data Rosette size determination using Fiji (ImageJ) 591 We took images of plants that included a ruler at 3 weeks after germination. A 592 minimum circumscribed circle was drawn manually on the picture using Fiji; then, the area 593 was measured and transformed depending on the scale. 
